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Abstract 
The objective of this work is to quantitatively study the combustion characteristics and dynamic smoke properties by using cone 
calorimeter at different external heat flux. The relationship between heat release rate (HRR) and smoke production rate (SPR) of 
four decorative materials is investigated. The results show that the external heat flux levels and material compositions significant 
influence the HRR and SPR, indicating noncombustible materials of flame retarded chipboard (FRCB) and gypsum board (GPB) 
own the lower HRR and SPR compared to combustible materials of medium density fiberboard (MDFB) and melamine faced 
chipboard (MFCB). It is suggested that the peak SPR is linearly related to peak HRR for four decorative materials which the 
correlation coefficients are all above 0.94. When the decorative material is noncombustible, a negative linear relationship exists 
between peak SPR and peak HRR for GPB and FRCB. However, a positive linear relationship appears to combustible materials 
for FRCB and MDFB. This correlation demonstrates two different tendencies between SPR and HRR for noncombustible and 
combustible materials, contributing to understand the fire risk of decorative materials. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of scientific committee of Beijing Institute of Technology. 
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1. Introduction 
Decorative materials are widely used in buildings to cover walls and ceilings such as particle board, medium 
density fiberboard, melamine faced chipboard, flame retarded chipboard, hardboards, gypsum board and wood 
flooring[1]. Thus, one of the main safety concerns with using decorative materials is their combustibility, which, 
 
 
* Corresponding author. Tel.: +86 18163650767 
E-mail address:ylong015@163.com (Yan Long) 
This is an open access article under the CC BY-NC-ND license 
(http://cr ativecommons.org/license /by-nc-nd/3.0/).
Peer-review under responsibility of scientific committee of Beijing Institute of Technology
499 Xu Zhisheng et al. /  Procedia Engineering  84 ( 2014 )  498 – 505 
once ignited, propagate fire and contribute to the growth of the fire[2]. Significant quantities of smoke and toxic 
fumes may also be released, respectively limiting visibility and posing a health hazard[3]. The production of smoke 
in fires is a major factor causing death which acts in a number ways, perhaps the most important being the 
obscuration of means of escape[4]. These properties are often used to define the fire hazard of decorative materials 
including the heat release rate, time-to-ignition, flame spread rate and smoke production rate[5]. Above those 
properties, the heat release rate is generally recognized the single most important variable in controlling fire 
hazard[6]. The amount of heat released from a decorative material is controlled by the combustion of flammable 
volatiles resulting from the decomposition of the organic components[7]. Meanwhile, the organic components are 
the main sources of flammable volatiles including carbon particles which suspended in combustion gases form a 
colloidal solution called smoke[8]. As mentioned, heat release rate is the critical fire reaction property because it is 
the driving force for fire spread while controls other reaction properties such as time-to-ignition, gas emission levels 
and smoke production[3, 9]. The complicated correlations between the heat release rate and the smoke emission of 
decorative materials are not fully understood[10]. In particular, there is a need for more relevant experimental data 
and correlations. 
This paper aims to investigate the correlations between the peak and net heat releases and smoke production rates 
of four decorative materials including flame retarded chipboard (FRCB), gypsum board (GPB), medium density 
fiberboard (MDFB) and melamine faced chipboard (MFCB). These relationships are investigated by using cone 
calorimeter technique at different external heat flux. The cone calorimeter, as a typical achievement, has been used 
widely for studying heat release behavior, smoke emission behavior and fire decomposition of combustible 
materials[11]. In addition, the relationship between peak heat release rate and peak smoke production rate of the 
decorative materials is investigated. 
2. Experimental 
2.1. Materials 
Four decorative materials, including 12mm-thick FRCB, 12mm-thick GPB, 12mm-thick MDFB and 12mm-thick 
MFCB, obtained from LuLi group (Qingdao City, Shandong Province, PR China). Flame retarded chipboard was 
produced by chipboard soaking in flame retardant liquid. Melamine faced chipboard was produced by chipboard 
facing melamine flame retardant.  
2.2. Cone calorimeter test 
The heat release rate and smoke production rate measurement was measured using cone calorimeter (FTT, UK) 
according to the standard method prescribed in ISO5660-2002. The samples were 100 mm×100 mm×12 mm in 
dimension, and were held in a retaining frame that protected the specimen edges during testing. The following 
external incident heat flux values were used in the tests including 25 kW/m2, 35 kW/m2, 50 kW/m2, 60 kW/m2, 75 
kW/m2 respectively. The net heat release rate (HRR0) is calculated by looking at steady HRR on a particular sample 
at least three different heat fluxes, and then, using the slope of these points to determine the HRR at a zero heat 
flux[12]. Fire tests were performed at different external heat flux levels to determine whether any correlations found 
between the heat release rate and the smoke production rate were dependent on or not influenced by the external 
heat flux.  
3.  Results and discussion 
3.1. Heat release rate 
Heat release rate is defined as the mass loss rate of the material times its heat of combustion. During the 
combustion, the decorative materials usual include endothermic progress. Therefore, the net heat release rate is 
determined by the heat generated by the decomposition reactions of volatiles released by the decomposing 
component less the heat absorbed by the endothermic reactions of combustible compositions. As mentioned, heat 
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release rate is the critical fire reaction property because it is the driving force for fire spread and controls other 
reaction properties. The heat release rate, peak heat release rate and net heat release rate were measured using the 
cone calorimeter to assess the flammability of four decorative materials in this paper. 
Fig. 1 and Fig. 2 show the typical variation in heat release rate (HRR) with time for FRCB and GPB respectively 
at different external heat flux. All samples show only one peak of heat release during burning while the higher lever 
of external heat flux increased the peak heat release rates and shorted the time to ignition and burning time as shown 
in Fig. 1 and Fig. 2. Following the peak heat release rate (PHRR), the HRR decreases progressively with time due to 
the fire-resistance of GPB and FRCB that obviously decreases the flammable volatiles. Compared to GPB, FRCB 
was obviously makes the peak heat release rate appear earlier and stronger at the same experimental condition.  
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Fig.1. HRR curves of flame retarded chipboard at different external heat flux. 
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Fig. 2. HRR curves of gypsum board at different external heat flux. 
Fig. 3 and Fig. 4 show the HRR curves of MDFB and MFCB at different external heat flux. The HRR of MDFB 
and MFCB increased rapidly after ignition and appeared the first HRR peak as shown in Fig. 3 and Fig. 4. After the 
first peak, the HRR curve rapidly decreased in some cases, in which the increase in HRR is suppressed because of 
the presence of the formation of efficient protective char. The second peak is due to the degradation of the protective 
layer gradually as the sample is continuously exposed to the heat. Compared to GPB and FRCB, MDFB and MFCB 
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were obviously makes the peak heat release rate stronger and burning time longer at the same experimental 
condition.  
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Fig. 3. HRR curves of medium density fiber board at different external heat flux. 
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Fig. 4. HRR curves of melamine faced chipboard board at different external heat flux. 
According to the data of HRR curves from Fig. 1 to Fig. 4, the peak heat release rate data of four decorative 
materials was listed and HRR0 was calculated in Table1. As shown in Table1, it obvious that the higher peak heat 
release rate of sample at the same experimental condition owns the higher net heat release rate which medium 
density fiber board has the maximum HRR0 and gypsum board has the minimum HRR0. In addition, as seen from 
Table1, the peak heat release rate increases with the heat flux levels. As we know, a high heat flux produces not only 
a high temperature but also a high heating rate imposed on the materials. In the sense that the magnitude of the heat 
release rates influences the size of a fire, the high net heat release rate shown the higher flammability and fire risk. 
As seen from the net heat release rate data, the flammability of four decorative materials have the higher rank in this 
order: MDFB, MFCB, FRCB, and GPB. 
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Table 1. Peak heat release rate and net heat release rate of four decorative materials. 
Sample Peak HRR(kW/m2) HRR0(kW/m2) 
Irradiation(kW/m2) 25 35 50 60 75 0 
FRCB 60 75.2 107 135.4 157.3 7.3 
GPB 30.8 43.6 63.2 72.1 90.1 2.2 
MDFB 288.2 312.5 340.2 360.2 376 248.4 
MFCB 112.3 142.1 184.8 203.6 243.1 50.4 
3.2. Smoke emission 
Many types of decorative materials release dense smoke that limit the visibility and can cause disorientation for 
people attempting to escape from a fire. The production of smoke along with the HRR play an important role in 
understanding the fire hazard related to decorative materials. Figs. 5–8 give smoke production rate curves of four 
decorative materials obtained from a cone calorimeter at different external heat flux. The MFCB and GPB own the 
highest and lowest SPR among the four decorative materials respectively. This was attributed to their highest and 
lowest HRR respectively. The SPR of GPB was much lower than that of the wood-based boards because gypsum is 
a noncombustible material. It is also noted that fire retardant and chemical treatment could improve the fire safety 
which the SPR of FRCB is lower than wood-based boards such as MFCB and MDFB. From the SPR and HRR 
curves of four decorative materials show that the shape of SPR curves is similar to the HRR curves which GPB and 
FRCB have one SPR peak, MFCB and MDFB own two SPR peak. According to the SPR curves, the peak smoke 
production rate data of four decorative materials is listed in Table 2. 
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Fig. 5. SPR curves of flame retarded chipboard at different external heat flux. 
Table 2 shows that the higher external heat flux of FRCB and GPB samples own the lower smoke production rate 
while the higher external heat flux of MDFB and MFCB samples own the higher smoke production rate. It noted 
that the smoke production rate depends on the chemical nature of the constituents, oxygen availability and fire 
temperature. The smoke production rate of flame retarded chipboard and noncombustible gypsum board is 
decreased with the increasing of heat flux, indicating the flammable volatiles of decomposition that mainly made of 
noncombustible constituents is decomposition incompletely at lower heat flux which form more smoke during 
burning than higher heat flux. The combustible materials of MDFB and MFCB decompose more flammable gas and 
release more heat and smoke during burning at higher heat flux which mainly decided by the combustible 
constituents of MDFB and MFCB. As seen from the peak smoke production data, GPB has the minimum value of 
the peak SPR as well as the peak HRR and net HRR in four decorative materials. 
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Fig. 6.  SPR curves of gypsum board at different external heat flux. 
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Fig. 7. SPR curves of medium density fiber board at different external heat flux. 
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Fig. 8. SPR curves of melamine faced chipboard board at different external heat flux. 
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Table 2. Peak smoke production rate of four decorative materials. 
Sample Peak SPR(m2/s) 
Irradiation(kW/m2) 25 35 50 60 75 
FRCB 0.0145 0.0128 0.0069 0.007 0.022 
GPB 0.0041 0.0035 0.0027 0.0018 0.0009 
MDFB 0.0187 0.02 0.0235 0.0278 0.0321 
MFCB 0.0148 0.0192 0.0245 0.038 0.0477 
3.3.  Relationship between heat release rate and smoke emission 
Fig. 9 presents a plot of the peak smoke production rate (SPR) values against peak heat release rate (HRR) at 25 
kW/m2, 35 kW/m2, 50 kW/m2, 60 kW/m2, 75 kW/m2. It is seen that there is a strong linear relationship exists 
between peak HRR and peak SPR for all samples, while an obvious different fitting curves for four decorative 
materials. The peak smoke production rate for four decorative materials, with the exception of flame retarded 
chipboard and gypsum board, are characterized by a gradual rise in peak SPR with peak HRR. The peak SPR and 
peak HRR relationship for MDFB and MFCB rise more rapidly. Presumably this is because the release rate of 
flammable volatiles from the MDFB and MFCB is substantially higher than the FRCB and GPB, which increases 
both HRR and SPR at a more rapid rate. 
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Fig. 9. Plot of peak SPR against peak HRR for the decorative materials. 
Table 3 gives the linear correlation coefficients between the peak HRR and peak SPR for the four decorative 
materials. The linear correlation coefficient values for FRCB, GPB, MDFB and MFCB are above 0.94 at different 
heat flux, indicating that the heat release rate of these materials has a strong relationship to smoke density. Clearly, 
the magnitude of the external heat flux affects the magnitude of the fire reaction properties including HRR and SPR, 
the correlations observed between heat release rate and smoke production rate occurred for all heat flux levels. It 
also appears that negative correlation between peak SPR and peak HRR exists in MDFB and MFCB while positive 
correlation exists in FRCB and GPB. Presumably this is because of the higher heat release rate due to the increased 
yield of flammable volatiles from both the MDFB and MFCB. Meanwhile, lower heat release rate will lead to 
smolder while exist noncombustible materials such as FRCB and GPB, due to increased yield of soot particles and 
smoke emission.  
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Table 3. Fitting equation and correlation coefficients for peak smoke production rate against the peak heat release rate for four decorative 
materials. 
Sample Fitting equation Coefficient 
FRCB y =0.0214 – 1.19×10-4·x 0.955 
GPB y =0.00587 – 5.45×10-5·x 0.989 
MDFB y = 1.51×10-4 – 0.0263·x 0.955 
MFCB y = 2.56×10-4 – 0.0166·x 0.948 
4. Conclusions 
The flammability and dynamic smoke properties of four decorative materials were investigated according to the 
ISO 5660-2002 using a cone calorimeter. The peak HRR, HRR0 and SPR of GPB was the lowest among the four 
decorative materials while the wood-based board of MDFB owns the highest peak HRR and HRR0. It is suggested 
that PHRR and SPR of MDFB and MFCB were the higher owing to their construction with easily combustible 
materials, whereas GPB and FRCB were the lower because it was difficult for the flame to propagate owing to its 
construction with noncombustible compositions. As seen from the HRR and SPR, the flammability of four 
decorative materials has the higher rank in this order: MDFB, MFCB, FRCB, and GPB. It is important to note that 
the strong relationships observed between heat release rate and smoke production rate, and these relationships may 
be altered under different materials. Smoke production rate increases linearly with heat release rate for MDFB and 
MFCB with combustible compositions while SPR decreases linearly with HRR for FRCB and GPB with non-
combustible ingredients, increased with the external heat flux.  
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